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I Global l’ositioning  Systcm  to lnininli~c  the

I

solutions for l’(}1’IiX/l’oscidorl  which appear

conlponcnt.  Reduction of force 1I1O(1CI e.1’J’01

effects of force moclc.1 cmrs has yiclclccl  orbit

accurate. to bc.ttcr  than 3 cm ( 1 o) in the. radial

also redaccs lhc gcop,rapllic  correlation of the

,E orbit crm. With a traditional dynamic approach, CWS yields radial mbit accumcics of aboLH

5 cm, com]~arab]c to the accuracy cldivcmd  by satellite laser ran~,ing  and the. 110}<1S l~opplcr

‘o
tracking systcm.  A portion of the. dynamic orbit error is in the JGM-2 gravity nmlc];  GPS

R
da(a from ~’C)l’liX/l’C)scidC)ll  can rc.ac]i]y  rcvca]  that error’ ant] have been Llscd to improve the

gravi[y  model. The operational aspcc[s  of a precise. G1’S tracking systcm have also been

9 assessed. ‘J’hc I’ol’led}’oscidon cxpcricncc sLlggcs[s  that aLltonlatcd  GPS techniq  Llcs can bring

the cost of precise orbit determination well Llnclcr  that of convcntimal  tracking systems.
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lN’1’I{OI)IJ(:”J’I[)N

in the mid- 1980s the ~’[1]’];x/IIosciclo~l  l’reject (I;u et al., this issue) agreed 10 develop and

fly an cxpcrimcntal (iIobal  Positioning System rcccivc.r to test the ability of CiPS to provide

precise orbil clctcmination  (1’(111)  by an unconventional new tcc}lnique  (Melbourne et al.,

] ~~~  ). ‘J’]lc ~]~s ~cccl~,cr  ab~:il~  ~[)l)l~~/l~~sci~~n  tracks [hc (~llal  1.-band radio  signals f~olll a

constellation of 24 GPS satellites, collecting navigation data from up to six satdlitcs  at mm.

Since the orbits and clock offsets of tbc GPS satellites arc known (they arc broadcast by the

(;1’S satellites) the rcccivcr can dctcminc its position and time (four unknowns) ~con~ctric-

al]y at any instant with data from only four satellites. It is this extraordinary geometric

strength  thtit distinguishes GI’S as a tracking systcun.  SLlch grouncl-based systems as S1.R

(satellite laser ranging) ancl 1X3R1S (Ilc)p])lcr Orbitography and Ractio positioning integrated

by Satellite) typically ]Jrovi(lcl  llc.astllclllcrlts  illjust oncdircction  at a lime and may have

sLlbstantial  coverage gaps; they mus( therefore rely on moclc.ts of satellite trajcctmics (clcrivccl

from models of the forces acting on the satellite) to recover 3-1 I information.

With a tcchniqLlc known as reduced  dynamic tracking (WLI. et al., 1991; }’unck et al.,

1990, 1994) we can exploit the 3-1) geometric stmlgth  of G1’S to minimize dcpcndcncc on

dynamic mode.ts and, in theory, achieve a superior orbit solution through an optimal synthesis

of dynamic and geometric information. A variation cm that tcchniqLm called kinematic track-

ing can yield a precise solution almost entirely by geometric means.

Convcnlional  dynamic 1’011 clcpcJds  on prccisc  models  of the force.s acting, on the satellite

to dcscribc the trajectory. in a dynamic solution the estimated parameters will typically

incl Ldc the satellite initial state (position and velocity) and a few qLlantitics  describing the

form models (e.g., a drag cocfficic.nt).  ‘1’hcse arc adjusted to yield a solution that best fits the

observations, but that solution will necessarily have errors arising from errors in the force
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modds.  With (H’S tracking, the nmctd mm can bc obse.rvcct in the 3-1) residuals between

the orbil solution and the observations. ‘l’his rcsi(tLlal  informtition  can then bc applied in a

]>{~illt-1>>~-l>c)itlt  geometric adjLlstnmlt of the sate.llitc. position to give the rcctLlccci  dynamic

sol Llt ion (1 ‘i~,. 1 ). ]Iiffcrcnccs  bc,twccn dynamic and rcd Lmcd dynamic so] Lltions can cxpmc

thC 1I1o(!c] cl”ms and a]]OW LIS 10 StLIC1y thCil” gCOgl”ap]liCa]  an(i SpC.Ctla] diStL’ibLltiOIl.  Alterna-

tively,  parameters describing the gravity flclcl can bc. a(ljLlstcd  in a dynamic G}’S solution to

improve (or tune) the g] avit y model with an Lltl])rccc(lcllte.(1  dcgrcc  of global slrength.

l]tLvlit[41io\lal  ]<olc,f

‘1’his work involved a collaboration bctwccn  grou])s al t}lc Jet Propulsion 1.aboratory  (J}’I ,),

the (%ntcr  for Space Research (C3R) of the llnivcrsity  of ‘1’cxm at Austin, and a scientist

visiting  J] ’l, from the lnstitut @ographiqLlc  National (lGN) in l’aris. ‘]’]IC J1’1 . tC:llll  fOCLISCd

on refining the rcd Llccd dynamic strategy, whi]c CSR,  which has long cxpcrjcncc in dynamic

cxtimation  wjth S1 ,1<, adapted  their software for dynamic 1’01) ancl gravjt y tuning  witt 1 {il’S

data (Rim, 1992). Although  the J]’]. ancl (31< analysis syslcms  were. clcvclopcd incicpcndcnl-

ly (WLt d al., 1990;  Webb ct d., 1993;  Rim, 1992), they share, some. common nmclcls. O~n~-

parisons  bctwccn  orbits prodLlcccl  with each system serve as an impmtant validation test.

lGN has cxpcrtisc in lhc lX)RIS syslem  and worked closely with JI’1. to adapt J1’1 .’s anal-

ysis soflware to prmcss  1 )ORIS data. CSR moclified its software indcpcnctcntly  to pwccss

1 )01<1S  (tatti as well (Walkins ct al., 1992). III addition, coll]~)lc]l~e~lta]y  cffmls are underway

at t hc Goddard Space. l;light  Center (GSI C) and CNliS ({:cntrc National (i’] it Llclcs  Spatialc)

in “1’OLIIOLISC  to prodLlcc the official precise orbils  with S1 ,}< and IX)RIS data (’1’aplcy  ct al.,

this issue).
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‘1’hc major goals  of the GPS Iixpcrimcnt are. to (1) evaluate the accuracy a!d  operational

potcnlial  of GPS for tracking liatlh satellites; (2) provide. a data base that inclmlcs  the (il’S-

basd orbit solutions, calibration (iata, and rcfcmncc frame tics for ]~ost-cx~~clit~lcj~t  usc by

the ]’rojcc[ (Born et al., this issue; (Mstcnscn  ct al., this issm);  and (3) provide production

G1’S 1’01) tcchno]ogy  for possible conversion to an o])crational  systcm.

in the 1980s, mvariancc  analysis suggcste.d that an accLwacy of 5 to 10 cm might bc

ac.hicvd  if data from 6 globally distributed GPS grmnd  rcccivers were Llscd together with

the. flight data to solve for the l(J1’1iX/1’osci(l(~l]  orbit (WL1  and Ondrasik, 1 982; Yunck  and

Wu, 1986;  Wu ct al., 1987). Wc there.fore adoptd  “better than 10 cm RMS in alti[udc”  as a

formal p,oa] for the cxpcrimemt.  Analysis further showed that ionospheric calibration with

dual frequency GI’S data would also bc ne.cclc.d. Wc should  note that the. flight rcccivcr

dcvclopcd  for the cxpcrimcnt  can not rcccivc  both frequencies when the GPS security fcatm

known as anti-spoofing (AS) is active, It was thcrcforc  nmxsary  to arrange. with the l)cpart-

mcnt of IMcnsc (lMIJ) to have AS off fm nine 1()-clay pcxiocls  in the first year of the mission

to ensure an adequate data set for analysis. ljuturc  receiver designs could avoid this problem

by adopting, either a GI’S ckmyption  capability o] advanced mdcle.ss tracking technique.s.

OLIr objcctivc  in cvalLlating  the operational potential the CiPS 1’01) systcm is to scc if GPS

can bc :i cost-effective alternative to existing prccisc tracking systems. Measures of opera-

tional  performance include Iimc clclay  in producing and validating the precise orbit prociuds,

rcliahility  of the systcm,  an(i cost of operation.

l<c.cogni~ing  the potential 10 supporl  lhc “1’[)1’liX/l’osci(lc)!l  l’mjccl  more formally, wc also

set out to 1 ) collect, cdil and archive all data over the c.xpcrimcnt  lifetime ( 1 year for the
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flight reccivcr & 2 years for the ground  nctwot’k); 2.) tune the gravity mmtc] to improve, the

occar]  gcmid al wavelengths >1 O(M km; and 3) make available to the }’ro.jcct (1N most precise.

orbits for usc in oceanographic studies and for altimctric  calibration at the vcrificatim  sites.

SYS’I’IHVI  I)lMIGN

‘1’hc G1’S tracking systcm consists of fool segments: the. GPS constc.llation,  the flight

rcccivcr,  a global network of C;I’S ground  re.ccivcrs, and a ccntra] monitor, control and

processing fdcility  (I;ig. 2 ). ‘1’hc }’011 strategy rcqtlircs  continuous tracking of the visib]c

GJ)S satcl]itcs  by ground  and flight rcccivcrs. IMt:i from all rcceivcrs arc. brought to~cthcr

ancl pmccsse. d in a grand solution  in w h i c h  tk ‘1’ol’lLX/1’[)sci(loI~” mbi t ,  all G1’S mbits,

remivcr  and transmitter clock offsets, carrier phase biases, and a number of other paramctc.rs

arc estimated. Simultaneous sampling at all rcccivcrs  (which may bc. achicvcd by l:itcr

interpolation) eliminates common errors, sLlch as clock dithering, which is a feature.  of

another <;] ’.$ security feature, known as schxlivc  avai]abi]ity  (SA). ]n the cJx], ‘I’OPl  M/l’osci-

don position and velocity arc dctc.rmind  in a rcfcmnce.  frame cstablishe.cl  by kcy sites in the

gloha] nc.twork; thmc sites are. known abso]utc]y with respect to the gcocc.nkr  to about 2 cm

in (he. IIltcrnational  ‘J’crrcstrial  Rcfcrcnce liramc.

7 II(I Global  Posilim  i)~,g SyslcIn

l(igurc 3 depicts the GPS constc]lation, which is controllcct  from lialcon AI:J3 near

[;olorado  Sprjngs. 3’hc ccmstcllalion  consists of 24 G}’S salcllite.s  in 12-hoLll (2.(),20( )-kin

altit Lldc)  circular orbits (Millikcn  and Y.ollcr, 1978;  Spilkcr,  1978). ‘J’hc satellites are. distrib-

uted in six orbit planes inclined at 55°, wilh a nodal separation of 60°. liach satellite

broa(icasts  navigation signals on two 1,-btind frequencies: 1.57542 G}lz. (J.1 ) and 1.2276 Gllz

(1 ,2.). ‘J’hc mrrcspcmding  carrier wavelengths arc approximately 19 ancj  24 cm. ‘llc two
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+ .wmll. ~)oisr [2]

A mom detailed dcscriJ>tion  is given by WL] C( al. ( 1990).

7hc G1’S I’lighl Rccfiwr.

1 ;igLlrc  4 is a sketch of the l’(J}’l;x/1’osci(lO1~  sp:icccraft,  showing the locations of some

SllbSy  StClllS and  flight il)StrLIIllC1lt  S. ‘J’hc ci}’s aIltCIllla  is atop a 4 .3-m mast, above  lhc main

body of the satellite, (0 suppress reflcctcd sip,na]s from the “J’IIRS  hi~h-gain  al~tcnna  and

other prominent surfaces. “J’he GI’S IJcmonstration Rcccivcr (G1’S1)R), an early version of

the. Motorola Monarch’J’M (not visib]c) tracks Lq~ to six G1’S satellites concurl”cnt]y, mmsuring

the phase of each carrier a[ 1 -SCC intervals anti pseuclmmge at 10-SCC intervals. h4casurcmcnt

noise on the ionosphere-free obscrvab]cs,  including iastrLlmcntal thermal noise ancl maltipa[h

effects, is aboLlt 5 mm for phase and 70 cln for pscudoranp,e.  I ‘or details on tllc flight rcccivcr

scc Y,icgcr  et al, ( 1994).

71](I Global 7tackil~g Network.

l;igurc  5 shows the primary ground sites used in the cxpcrjmcnt.  ‘1’hcse wjl

lntcrna[ional  GI’S Service (lGS) set to begin providing high accLlracy  G1’S d;

be par[ of the

ta pmclucts to

scientific LIscrs  in 1994, under lhc auspices of the international Association of Geodesy

(Ncilan  et al., 1993). 1 ;OI l’c)l’liX/l’osciclcJj~  fewer th:in a cloz,cn sites Hrc needed  10 obtain  full

accuracy bccausc of the. ample  common ~11’S visibility bc.twccn the satellite ant] the grcmnd

sites. JI’OJ ~J1’S ground  programs (which now achieve a weekly geocentric station location

precision of about 1 cm), 20-40” sites are sometimes lcc]uired (Illcwit[ et al., 1993).
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All transactions involving Cil’S data and 1’01) products flow through the opcmtions  center,

~,]llc]l  ~ltl[olllatically  ~C[rjCVCS data frc)n] a]] G]>s M)LIrCC.S--  about  8 MbytC/day  f~onl the fli~ht

rcccivcr and ] Mbyte/day from each gmLmd site.. ‘]’hc ccntcr monitors and controls  Ihc. groLmc]

and flight receivers and initiates actions to rc.pair  system fCiLllts. ‘1’hC  ]< O~LIC’lhf  and “]’LIJ’bO  -

ROgLIC”l’M  gmuncl rcccivcrs can store Ihcir data for, in most cases, up to 12 days 10 protect

ag:iins(  collllllllllicatioll”  oLltagcs.  in the first 6 months of cxpcrimcntal  operations we ticq Llirc.cl

~~~(j  of t~lc, possib]c  data frc)lll  [}lc, f]ig]lt rccclvcr w}~cn {i]]s anti-spoof]ng  WaS off, ;u~d aboLlt

95% from the groLml rcccivcrs.

l’rmisc G1’S-basccl  mbits for 1’01’1 ;X/1’osc.idon  arc JIOW pJ’(KILICCd at J} ’1. with X-hr data

aJ’cs  OJ1 2.4-h’ Cxm[crs, providing 6-hr Over] aps for mmpari  soJls. ‘1’hose orbits and statistical

qllalit y Jllcasurc.s  arc available aboLlt 8 hrs af[cr al] data for a ~()-hr  arc arc rcccivc(i.  ] iXtCrlla]

release of the. orbits occLlrs  about  3 clays after the cJ]d of each 10-day mbit repeat cycle.

l’rmxxsing  of the orbits is automated and clata driven. Oncc the analysis process is initiated

on the workstation it rLIJIS  COJlti  JILlOLIS]J’,  :iroLIJld  the clock,  with J]() operator at[cntion  C.xccpt

to deal with rare. anomalies. ‘1’hc process wakes up every 3 hrs [0 scc if the data for a given

arc have arrived. WhcJI the rcq Llircd data aJe there, processing for a 30-IN” arc begins.

Sol .U’l’10N S“J’I{A’1’IK;IIM

1 lcrc wc compare l’OPliX/l’oscidon  precise orbits  conlpLUcd  by three gJX)LlpS:  JP1,, CH3R,

and GS1 ‘(~. liach group  used different :tnal ysis soft ware. applied 10 one or more of three.

precise tracking data (ypcs:  G] ’S, 1X3R1S and S1 J<. GSIK; employs a combination of S1 .1<

and llORIS  data to deliver  operationally Ihc prccisc  orbits p]accd OJI the officia]  (hXJphySiCal

I)ata Records (GDRs) distributed (CI scientists (“1’ap]cy et al., this issLlc).  JP1. and (3R have

I
1
s
.-

1

J



pcrforlmxl cxpcrimcnta]  analysis of the G1’S data, ancl have analyzed  some combination of

S1,1< ant] lX)RIS data as well. Whilclhcir  orbit cstimition  tcchniq  Llcs differ in importanl

ways, the three groups share common moclcls for ‘1’C)l’liX/l’osci(l(~ll  dynamics and for the

l~c)siti()Ils ()f()t>servillg (()]lrallsIllittil lg,)p[)iIlts(  )I)tllcc:iIl}lrc  lative.toiIlc1tial  spacc, in which

the orbit is propagated. .lPI.’s strategy is uniqLlc  aJnoIIg  the three in its use of KalHlaJl  filtering

and stochastic models to permit rcci LIccd dynamic orbit (lctcrllliIlatic)ll.

Whi]c the analysis systems share common dynamic models, those models are realized

through iJ@CJllCJ)tatiOJIS  which give sligl)t  (iiffCJ’CJICCS  in the COlll]lLJtC.(i  ocean tides and earth

al bc.do (“1’ap]cy  cl al., this issue). All solutions, un]css otherwise noted,  usc the JGM-2 gravity

ficl(ltlll~c(l  ~~'itll  l`[)]']iX/]'oscid()  I~Sl,J< :il~dl)[)}<lS (l:it:l(l.clcllct  al., 1993; Ncrcmc.t al., this

issue), A cllstoJll  model  for the S()]aJ’  aJl(l  the.rma] Iacliation forces OJI TO1’lX/1’osci(loJl  was

dcvclopcd  forthc S1.IVIX)RIS effort (Marshal et al., 1 992). ‘]’hc thermal radiation portion of

the Jmdcl was not used in the JP1. G1’S solutions, however. ‘l”hcsc small, slowly varying

dynamic Jno(lcl  ciiffcrcJlccs  caJ) be largc]y  accoJllmo(latc(l  through the ad~ustmcnt  of aJ)

elnpirical  acceleration parameter, ii, of the form

. .
where d, A,, and 1;, arc cmstant  vectors  in the spacecraft coordinate system oric.ntcci  in tl)c

J) OJlli  Jl:ll a] OJl&tJ”aCk  aJl(i CJ’OSS-tJ’aCk  CiilCCtiOJIS  (Kaplan,  ] 976). “]”hC fJ’CC]LICJKiCS  ~~, aJ’C O1lCC-

aJl(i tm’icc-]JcI-IcvolLltioI)  of ‘1’ol’l:X/l’oseicioJ)”  ami t is tiJnc past an epoch. SolLltioJls  prociLJccci

by C3R (with U’I’01’lA  and MSO1ll’1  ) ami GSI~(~  (with ~cociyJl) adjLJste.Ci coJlstaJlt  and cmcc-

pcr-rcv aloJ~g-track  aJl(i cross-track aJiq)li(u(ics, while JP1 .’s preliminary (iynamic

(with G1l’SY/OASIS 11) a(ijuste(i twice-pcr-Jev tcIJns in those components as well.

SO] LJtioJ)S
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G1’S l)y[anlic  A40dcl

‘]h c]y])all]ic  lllOCiC]  fC)l’ thC GPS SatC]litcs  COI’ltaiJIS  OII]Y tWO COIll])OIIClltS: t h e  J(ih4-2

~1’Wity  flC]Ci  lIJ) to dC~J’CC aJld C)l’dCl’ 1 2 ,  a[ld CIISIC)III SC)]al”radi:itiO1l  fOl’CC lllO(iC]S  kllOWll  itS

‘I’lo:~ll(l’  J’20(lilicgclc ta l,, 1992).

I<(ii’Ill Models

All three analysis systems usc the 11;1<S StaJ~daLXls  set forth in lIiRS 7’c,c,I]  No[c 13

(McGrlhy, 1993)(’1’aJ~le.yet al., tllisissllc)  f()rcarlll oriel)tati(J1l:tl~  dtllc(icf(~~l~~ati(  ~llc~ftlle

earth ducto  solid aJ)d po]c tides. J1’1,’s  GPS so]utio]ls  estimated po]nrmolion  aJlci LJ”J” I with

nominai  values taken from 1111<S  }3Llllclin  B finals or predicts, (icpcnciing on the time of

processing. ‘]’ilc (; S]{ aJld (is~i{; s o l u t i o n s  cmp]oye(i po]ar motiol]  an(i tJTl  l“:itc vaiucs

(ictcrmincxiby  Sl,}<data  fro~~lI,  ageos~l”a]>lcye.t  al., this jssue).

J]’], compulc(i dynalnic  aJlci rcc]Lmcd dynamic so] Lltions  with the GIPSY-OASIS 11 analysis

sof tware  (Webb et ai., ]gg~;  Wu cl a]., ]990). ]ts l“min cxmlJmncnts  arc a GPS (ifita cciitm,

orbit integrator, mcasLIrcmcnt mock] generator, an(i filter/snmothcr. ‘1’hc [lat:icdit(Jr[)J3clatcs

01) 11 combinc(i  SCt ofciual flCC]llCJICJ~  GI’S ]>hasc and pscu[iorange  JllC:tSlllClllClltS  anti auto-

matically ric.tccts oLltliers an(i carrier phase discontinuities (Rle.witt,  1990). An automatcxi

C~CClllivC  tics [ilc mocill]es  togcttlcl’1>1’()(illci)lg,  Ciai]y orbit so]lilions  Llnat[cndcci.  ‘]’he system

typically prociLIccs  a reduced dynamic solu[ion wit]lin 2 (iays ofonboar~i ciata ac.qLlisitim~,

using lc.ss than 6(H’U hoLm  on an }ll’ 735 workstation.
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‘1’hc orbit integrator numerically integrates the sa[ellitc  trajcelory from a nominal initial

state Llsing  prccisc models of the. forces ac[il)g 01] (hc satellite. 1( alsc) compulcs partial

derivatives of tlm current state of the spxmxaf[  with vxpcd to [hc dynamical and epoch state

parameters. ‘1’hc trajectory and patlia]s  arc the.n passed to the measurement moclcl program,

Af[cr editing, the data arc compressed to 5-rein normal  points and the ionosphere-free

combinations of phase and pse.udorangc  arc formed. 111 tllc comJlrcssion  step the pscLKio-

L’allg,c  data arc smoothcci against the carrier over the entire S-rein interval, whi]c the phase is

simp]y samp]cd at the appropriate times. 13ccausc  the ‘1’C)l’l;X/I’c)sei(ic)ll  cmboarct  c]ock drifts

frcc]y with rcspccl  to tllc grounci  receiver clocks (which are kept close to lJ’1’C;),  wc rcquim  a

small interpolation of onboar(i  phase to the appropriate. samp]c. time to emsLm common mmic

canccllatim  of SA ctithcring. ‘]’his is accomp]ishc.(i with a cLlbic’ fit to four ] -SCC points aboLlt

Iim (icsirc(i time (WU ct al., ]992). “1’l]c IIonlinai traicclory is the.n uscci (o conlpLItc  mo(icl

Cil’S obscrvab]cs an(i their partiai  (icrivativcs  with respect to ail acijLIstcci  parameters. ‘1’hc

mcasurcmcnt mmicl program then rctricvcs the satellite positions an[i partials passcci  by the

inlcg,ra[or, conlpLItcs  the mocicl  obscrvab]cs,  an(i, in aci(iition, partiai derivatives of the

obscrvab]cs with respect to grounci  station position, zenith  troposphc.rc  delay, earth orienta-

tion, G1’S clocks,  an(i reccivcr clocks. ‘1’hc obscrv:ib]c  mo(icl inc]u(ies relativistic effects, the

1 }arth nm(icls  (iiscussc(i above, phase win[iup duc to antenna rotation (WLI ct al., 1993),  anti

anlcnna  phase-mntcr variation as a fLlnction  of azimuth  an(i clcva(ion  (Y.icgcr et ii]., 1 994).

Nc.xt tlm filter/snmothcr takes over to carry out the gran(i solLltion  for the l’{)1’l;X/}’c)sci(io~~

an(i G1’S states, grounci  site positions (five arc lml(i fixcci  for rcfcrcncc), clocks, atmospheric

(ic]ays, an(i so on. III its simplest nmic,  the filter/smoother pro(iuccs the ccl Llivalcnt  of a con-

vclltio])al  batch least-squares solution; but to obtain  a more :iccLlratc  orbit, some parameters

arc [rcate(i as stochastic pmccsscs anti a(ij Llste.ci at each time step in a tinlc-scqLlcntial  SqLlarc
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Root ]nformalicm  ]Ti]tcr (SRIIJ) formulation  (Bicman,  ] 977). ‘J’h.e parameters adjusted  in our

stanctarcl  solution strategy arc summarimd in ‘liable ].

in (hem solLltions,  all clocks arc solved for frcc]y and itldcpcndcnt]y  at each S-rein time

stc.p (i.e., moc]clcct  as while noise  pmccsscs  with no a priori constrain, cxccpl  for one at a

ground  station which is held fixed as a rcfcmncc  clock. “Ilc zenith atmospheric clclay  at each

smund  site. is also adjusted  at each step, modeled as a random  walk which in 1 hr adds 1 cm

u]]ccrtainty  in the zenith delay. FOI’ the. 30-IIOLII  clata arcs,  the pttramcters of the ‘1’] O and ‘1’20

solar prcssL]rc mocle]  (}~licgcl  et al., 1992) are treated as lc)osc.ly-col~straii]ccl  constants plus a

slnal] colored noise process with a 4-}101]1 correlation lime ancl sigma of 1 ()% at 1 -hr batch

times. ‘1’hc estimation of the G1’S orbits  is essentially dynamic.

‘1’hc mtuccd  clynamic solution is pmclLmccl  only in the final estimation step. Iiirst, the

“1’01’1 M/1’mcidon epoch state and the cmpiljca]  constant an(i once- aJK] t w’icc-]~cr-lcv[)]lltiol~

accclcr:itions  (llq. 3) am a(ljustcd  10 convcrgcncc in a dynamic solution, whicl~  takes two

passes throL]gh  the filter. q’his dynamic solution is typically accLIratc to better than 20 cm

(31 )), wc]l within the linear regime for t]lc final reduced  dynamic acljustmcn(. in the reduced

dynamic slcp, adjustments arc made to tllc “1’01’l;X/l’c)sci[iorl  state ami 10 all previously actl Lls-

tcd parameters except two types: the. cnlJ>irical  once. and twice-per-rev terms, which arc now

held fixed, and the constant accelerations ( ~ in 1 k]. 3), which now bccomc  stochastic and arc

rc-estimated at each time step to provide the local gcomclric corrections. “1’hc latter are

modeled as first ordc] Gauss-M arkov (colored noise) processes mcl given a correlation time

of 15 min with steady-state sigmas of 10, 20, and 20 nanometers/scc2 in the radial, cross- and

along-track directions. It is the. geometric strength of the ~IP.S observations that allows these

fin:i]  stochastic a(ljustmcnts  to bc made with high accuracy.
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‘1’hc steady-state  sigmas for the stochastic acceleration JJaramctcrs  were chosen  through an

cmpirica]  process in which solutions wc.rc generated  with a ratlgc of sigmas, and the final

values  sclmtcd were those that minimized  the RMS (liffcrcnccs  on the 6-hr orbit overlaps for

several test arcs. Once chose.n lhc.y were hc.ld fixed in all processing,,  A better  criterion might

bc altimclcr crossover statistics, but those were. not available in our earliest pmccssing  and

were late.r reserved as an incicpcnctcnt  test of orbit accumcy  (see tests below).

M,YOII1’1, Gravity i“uning

‘J’hc (kntcr for Space Research/[Jnivcrsity of ‘1’cxas at Austin  used MSOI1l’1  (Mu]ti -

satc]litc orbit cte.termination Program) for the G1’S[l’opcx datti processing. “1’hc pro~ram  IIas

bc.cn compared against lJ’J’01’lA, the sing,lc-satellite mbit determination program used for

processing S1 ,R and IX3R1S data, and the two have agreed al the centimeter level.

h4S01J1’1 uses cloubly diffcrc]~ccd phase mc.asurcments  bctwe.cn  the. flight rccciver and fhc

~,l.O1)ll(]  s[:ltiolls ;l~ S()-scc ]l~tcrv:i]s,  ] ;~)~ tl~C C~pcril~lC1]ts  prcscl~te.d  i~l tt~is papc,r,  I1O (loLlb]e,

diffcrcnccs  bclwccn pairs of p,rouncl  stations were usccl. All ctoublc differences were

corrcctc(i  for the ionosphere, and pscudorange mcasLlrcmcnts  were usccl 10 compute each

rccc.ivcr clock offset from G1’S t i mc.

‘1’llc. h4SolJI”  1 uses a batch-least sc]uarcs  estimator implemented with a square-root-free.

(;ivcns algorithm for impmvcd numerical stability. No apliori  constraints am assig,nccl  to any

cst imatcd parameter. A simLI1tammus so]ut ion is pcrfmncd for the 10}’] iX/}’oscidon  and all

G1’S satellite states, along with once/revolution parameters for 7’C)l’l;X/}’osei(i[~l~  and radia[ion

pressure parameters for the GPS satellites. A constant z,cnith tropmphcric  dc]ay is estimate.d
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4at each site every 2.5 INS, and a phase bias paramctm is e.stimatcd for each combjna(ion  of

l(JI’1i X/1’oscidoll,  GI’S satellite ancl ground  rcccivcr.  Onc.-ctay  solution arcs wcreuscd in all
I

,Y1.R/l)ORIS Sol141ions

!

‘J’hc prccisc  orbit ephemeris (POE) pmducwl  for the alt i mete.r geophysical data rccorcts and

rclcascd  to the scicncc.  mnmmity is computed dynamically by GSIJ(~ with SI.IUIX)RIS clata

over 10 day a]”cs. “1’hcy arc rclcascd  only after an cx[cnsivc  validation procedure (’J’aplcy  et

al., this issm).  Wc will make comparisons 10 these official orbits as a test of the G1’S rcctLIcccl

dynamic mbits.

01{1;1’1’ QIIAI,I’J’Y ASSMMVJRN’J’

IJirst wc(lcscribc  il~tcrl~al  collsistcllcy  [cstswitllil] tllc CiII'SY-()ASlSll ]troccssitlgsys[c~ll,

;111(]  thcll conlparc lhc cl]% IC(]lICCC1  dyllallll C OI’bit S With thC ~;S1:~;  ]’O1i SO] Utl 011 S. Next wc

present itltill~ctry clossovcldi  ffcrcl~ccs,w' l~ich]~r()~'i(lcti  test that isindcpcnclcnt of all orbit

(lc.tcllllil~atiol~  techniques and sof(warc. Next wc examine. the (iiffcrcncc.  bctwccn  the clynamic

and rcdmxl dynamic orbits pmd LIcccl  with G1l’SY-OASIS  11 to obt:iin inform tition  on the

S,cosraphically  correlated orbit error and its spectral content. 3’hc ~SR group has recently

tuned the JGM-2 gravity moclcl with GI’S data; in the final test, dynamic solutions pmcluccd

by [;S1< with the [Llncd field arc cmnparccl to IcdLmxl  dynamic solutions made with JGM-2.

/‘1

\
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track and 3.44 cm along track. l;ig. 8 shows the average  RMS overlap agreement in altitLlcic

for all overlaps for twelve 1()-clay cycles. ‘1’hc agrccmcnt  is consistently below  2 cm, with an
IaVCIMgC of about  1 cm. ‘Ilc anomalous va]uc  for cycle 21 appears to have been caused by /

data outages at Golcts[onc  while Golctstonc  was uscct as the reference c]ock.  WC have since J

modifie(i the au[omateci  analysis to prevent the usc of a rcfcrcnm  clock at a station with

si~,able  outages. ~yclc.  19, which prmiuccxi  the best agre.cmcnt,  was the only cycle  in which !

m G1’S satellites passcci  through the cartil’s  sha(iow. DLiring  such cclipscs  the GPS force ami
!

measure.mcnt mo(ic] errors increase noticcab]y. “1’hc l’ol’l;X/1’osci(i[)rl”  ciynamic  ovc.rlap

:igrccmcnt  (not shown) is consistently worse, giving  sing]c RMS aititucie  overlap differences
1

as lligll as 5.CJ cm anti an average RM.S (ii ffcrcncc of about  2 cm.

1

l~igurcs  9 anti 1() show the RMS ciiffcre.nces  bctwccn  J]’] .’s G1’S solutions (both (iynamic

an(i rc{iucc(i  (iynamic) an(i the NASA POli over six 1 ()-day  repeat cycles. l’hc average RMS

ra(ii[i]  (iiffcrcncc was 2.68 cm for the dynamic comparison an(i 3.33 cm for the rc(iL]ccci

(iynamic comparison. ‘1’hc maximum diffmmccs  in ra(iial position at any point over ali six

cycles were 12.2 cm (Ciynamic)  anti 11.5 cm (rcduccct ciynamic).  We shail argue that the

bc((cr RMS agrccmcnt bctwccn the two (iynamic orbits is the result of commc)n crews in

.l(iM-2 an(i the non-gravitational force mo(ic]s, mm’s which arc partially remove.d in the.

rc(iucc~i  (iynamic  solution.

1]1 comparing the J1’I, dynamic and rcciL]cc(i  (iynamic  orbits against the NASA 1’01 i, a bias

in the mean of the z, comctinatcs  of the Greenwich Rc.fcrcncc  liramc (]}scLldo-car(ll-f ixc(i) of

abou( 3 cm w:is noticcci.  ‘J’his  bias varies slightly from cycle to cycle and day to (iay (C1’ablcs

/.

1

I
I
1
1
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2, 3 and 4). Most of mm diffcmms in the. x and y coordinates can bc attribLlted  to crmrs in

.lGM-2,  as suggested by the much smaller cliffmmcs in the dynamic solLltions (’1’able 2) ancl

the offset prcclicte.cl  by the JGM-2 mvariancc  shown in Plate 1 b (SCC discussion below on the

Scmgraphical  correlation of the radial  crmrs). ‘1’hc lncan z bias remains essentially unchanged

whether a dynamic or mlLmd  dynamic mbit is used in the 1’01 i comparison. ‘1’hc z bias also

appears in comparisons of the. J]’]. mbits to CXR orbits computcxi  with either G}’S or

S1 ,R/lX)RIS data (g’ab]c 8). Wc note that rcccnt determinations of the S,coccntcr from GPS

ground  data only have obtained clccimctcr  lcve] accuracy  in the z, componc.nt  (Vig[lc ct al.,

1 992). inclusion of ‘I’C)l’}iX/J’osei( lc~rl  dat:t in g,coccn(cr solutions has improved the

obscrvabi]ity  of this compo]mnt to about  the ccntimctcr ICVC1 (’1’ap]cy  ct al., 1993b; Malla  et

al., 1993). AllhoLIg,h  (IIC obse.rvcd z bias bc.twccn tlm J]’] . ancl other orbits dots not appear tc)

rc.fleet a limitation of GPS tracking, we have yet to iclcntify its source and continue 10 look

for it. A 3 cnl translation in z miuccs  the RMS (iiffcrcncc.s  by about  3 Inn].

If we assume thtit  lhc errors in the rcdmc.cl  dynamic orbils and the 1’01 is, arc uncorrclatccl

wc can attempt to allocate the 3.33 cm RMS cliffcrcnce.  An equal allocation would yield an

Rh4S radial mm of 2.35 cm for both soltltions.  13c1ow, usins tdtimctcr  crossovm analysis ancl

the gcographica]  distribution of crmrs, wc wi]] aJ’gLIc that the errors bctwccn the two mbits

arc largc]y uncomlatcd  and that the rcducml  dynamic orbit mm’ is some.what smaller.

Altinlctcr Cro.wovcr Analysis

A Iic.y mcthoci  for assessing the relative. radial  accuracy of (iiffcrmt  orbits  relics  cm altimc-

tcr data collcctcd  by the spacxxmift.  T’[)l)}\x/l)osci(  loIl  carries  two I~a(lil-])oiIllit)g  radar altinm-

Icrs that mcasum  the range  to the SCM surface  wi(h an uncertainty of kss  than 4 cJn RMS (] ‘U

ct al., Ibis issue). ‘1’hcm range nlcasLlre]mnts can bc. usccl tog,cthcr with the prccisc radial

orbit So]ution  to CkWXminc  the geoccJltric  kight  of the Sca slJrfdcc.  At the poi Jlts iJl the occm



whc.rc  the satclli[c  ground  tracks inte.rscct on ascending and descending passes, two such

(Iclcllllitltitic)lls  of sea }Icig}ll  cxin bc JNa(lc.  in tlic absence of errors in the radial component of

tllc orbit and in the media corrections to the altimeter range, the height difference at the

crossing point location is a

Gwssover  observations

mcasllrc  of the true variability of the occaJl  slirfi,icc.

from cjght separate 1 ()-d:iy repeat cycles of the ‘1’CJl’l;X/1’ose.idorl

ground  tr~ick wmc Liscd for this analysis (Aviso, 1993). Sjncc there is a range bias of abotit

20 cm bet wccn the two altimeter systems (C%riste.t)sc.n  c.t 211.; Mei)ard  et al., this iss~ic), wc

USC(] O1l]y t]lc. C]ata  from thC ~] .S. dLld-fl’tX]LICIICy  ~ttl JllCtC1’.  All St:iIldtilCl  CIl\Ti  IolllllCllt:il  aJl(t

sc:i-state corrections were a] JJ>]icd  and editing was pcrforlncd  bascc] on the data flags

provided with the c.rossove.r geophysical records. As crossovers may CWCLJI  clays  tiparl,

cm’i’ccticms  for ocean dynamic effects, such as those atlribLltab]c  to tides (Car[wright  an(i Ray,

1 990) :iJld :itmosphcric  ]NIXSLl~C  loading, Wcl’c also applied. A confounciing  fi~ctor  js the

unmodcled  sc:i height variation from changes in ocean cLlrrcnts iind errors in tide models ancl

mcxli:i  corrections. ‘J’o mitigalc  [k effects of current vziriations, wc restricted OLIr analysis to

crossovers occurring within the iildivictwd  cyc.lcs.  ‘1’ab]e 5 lists the global  crossover st:itistics

for the G1’S rcducecl c1 ynamic  orbits and for the two ])rccisc orbits provided with t hc merged

(;I)R  products. Ovcr 35,000  jndivjdLlal  crossovers occurring in the period from .lanuary 30 to

M:iy 19, 1993 :ire represented in tbc. global statistic,

‘1’hc actu:i] ra(iial orbit error is difficult to quantify )asc.d OJI the.se statistics since the

residuals also contain errors in the media corrections and LtnJNodclcd  oceanographic effects.

A ]argc. portion  of the tidal and atmosphcrjc pressure signal has been removed with global

JNOdC]S,  but a siy,ablc.  sigilal rcnmins. in order to adchess this difficulty, we have scgrcgatccl  a

smiil] number of crossovers from the orjgilia] global data set using a high]y restrictive. set of

gcophysica] cc]iting criteria (rl’able. 6). (No out]ier editing was performed since it is

inlpossib]c  to gLlarantc.c.  they do not rcsu]t from large excursions jn the orbit error. ) ‘1’hcsc

{



cditinp, cri(cria arc dcsignd  to Icducc t h e  o c e a n  v a r i a t i o n  c o m p o n e n t  of t h e  c r o s s o v e r

msi(luals  while maintaining a global  distribution of data. 7’o the extent  that the gco}lhysical

and cnvironmcnta]  corrections being intcrmgate.rl  arc not cm elated with the orbit error, this

approach should help to better isolate the mbit cllol”colltribLltiorl.

“1’ab]c 7 lists the global cmssovcr  statistics for the data remaining after the restrictive

cditin:,. Note that while only 3% of the original data remain, Ihcrc arc still over I(KN

glol>:l]ly  {listribLltcd  obscrvtitiolls  (]:ig. 11). 'l`l]cvaliallcc(  cllcrSy)l  ]ast>cclll c(lLlcc(lbyovcl

50%, corroborating that the scattcrof the original data set primarily reflects contribLltions

from nm-orbil  sources. Assuming ~hat the, residual variabilities arc uncorrclate.cl  in a global

sense on ascending and dcsccncling  tracks, onc could infer that the radial mbit error is less

than 5 cm RMS ( 7.(K+/~2 ), rcgard]css  of the orbit solLltion  under consideration. (hntaincd  in

this figLlrc is some residual error from the geophysical corrections and instrumental effects, as

well as orbit error. On t}lc other hand, if there are large stationary orbit errors that are highly

correlated cm ascending and descending passes-.  an cxtrcnm  example is an crmr  in the

ovcral] sca]c of the orbit- -then the crossover observations cannot observe them. IJcspite

these caveats, the crossover statistics provi[ic a powcrfLll  and indcpcndcnt  tool for measuring

orbit consistency ancl for gauginp,  i~~~]~ro~’cl~~e.l~t.  ]n this context, we note that the GPS-baseci

rccluccd dynamic orbits  yield  the, lowest  crossover residuals. in particular, the variances of

the crossover popu]at  ions in both tables (cf. “l’able. 5, ‘l”able 7) are about 1() cm? lower wit}l

the. rcdLlccd dynamic orbi(s, suggesting a cmsistcnl  reduction in l’01’}W]’osciclon  m-bit cmr.

If we assume that 3-4 cm of error remains from rcsidLlal crmrs  in the environmental and

p,cophysica]  corrections and from ocean variability (a pLIrcly  speculative nLlmbcr),  then we.

can estimate that the GI’S rcclucccl  dynamic mbit has a radial RMS error of 2-3 cm while the

various dynamic orbits have radial RMS errors of 3-4 cm.



l)asl ocean altimetry missions have been plagued by what arc known as geographically

corrcla[cd orbit crms---that  is, orbit solutions that arc consistently biased in different

p,c.ogra]~llic  rcgiol~s (rJ'a]~lcy aIl(l Rosborollgh,  1985),  SLlc}~elrc~lsca  ]~col~foLindtl  lcil~tcr1~lcta-

[ion ofal(il~lctry  dat:tby  ~jliltlickit)g  largc-scalc fca(lllesit~ thcoccan  to~~ogla]~hyfrol)~m’l]icl]

cilctllatiollcs[illlalcs  arcctcrivcd. Gcogla]>}lically  ct~lrclatc(l  orbit c.rrors arc most commonly

associated with errors in the gravity model,  although coordinate system offsets and other

factors may also p]ay arolc. A]>re-laLltlcl~  covarial~cc  stll(iyby  Rosborough and Mitchcll

( 1990) showed that kinematic and rccluccd  dynamic orbits, by rcdL]cing dcpcndcncc  on fcwcc

mode.]sin gcnmd,cou]cl  vi]'tLlaily  c]illlilla[c [he. gco~,l":tlJllic  c()I"l`clzi(ioll  in tllcgt”:tvity-i tlC]Llcct]

‘1OI’liX/l’osci(  loll  orbit error at large-scales. Wc have corroborated this result Llsin~ the actLlal

(il’S-based mbits for TOl’liX/Poscicton.

“1’hc diffcrcnecs  bctwccn  G1’S-base.d dynamic an(i rc(lllcc.[1-(lyl)alllic  l’(Jl’];x/l’osc.i(lO1~ orbils

over three 10-day pcriocts beginning March  10, March 20, and April 1, 1993, rcspcctivcly,

have been analyzed in terms of the gcographica]  distribution of errors (~hristensc.n  ct al.,

1993). ‘1’his analysis sLlggcsts that the prc-]aunch  g,ravi(y mode], JGM- ] (Ncrcm cl al., ]993),

intro(luccs  geographically corrdatcd errors having, a strong meridional clcpcncicncc,.  ‘1’hcsc

errors  can be approximated by a large-scale positive anomaly in the lnclian  Ocean and a

large-scale negative anomaly in the eastern Pacific Ocean (Plate 1 a). ~’hc  global distribution

an(i magnitude of these geographically comlatcd eJ’rors  are  consistcJ)t  with prc-la  LIJdl  cxwar-

iancc analysis;  JNOICOVCJ”,  the. estimated aJKl  pJdictcd  global  RMS CJ’J”OJ’  statistics  arc also in

C1OSC  :igrccmcnt  at 2.3 ancl 2.4 cm rms, rc.spcctivc]y (C%ristcnscn et al., 1993).

‘1’hc most compelling cvidcncx  that this  anomaly is attributable to an error in tllc JGM- 1

gravity Jnocic] can bc seen in }’]atc ] b, depicting the global distribution of the mean orbits]
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height differences between two 61’S dynamic orbits produced with the. JGM- 1 and JGM-2

gravity models. JGM-2 is basically the JGM- 1 mode] Iuncd with l’(J]’];X/]’oscidol] S1 .R ancl

1101{1S  data gathered from Scptcmbcr 20, 1992 through };cbrLlary  18, 1993 (Ncrcm et al.,

1993).  Note that these  differences come cntirc]y from the gravity model sinm this is the only

diffcrcncc between the two cases. q’his  figure is remarkably similar to Plate la, with the

cxccption that the meridional variation is smaller ancl there is ICSS track incss, i,c, less

disparity among  neighboring tracks. It is impor[ant  to note that no GPS data were used to

obtain JGM-2, so it is impossible that a gcographica]ly  corrc]atcd  error in the G1’S tracking

systcm would appear as an alias in JGM-2.

Rc]mating the G1’S analysis with the JGM-2 gravity model suggests  that a porlion  of the

meridional dcpcndcnce  observed in JGM - 1 still remains (SCC P]atc 1 c). ‘1’lmugh  .lGM-2 is a

clear improvement over JGM - 1, a mcasurab]c  amount, 1.2 cm rms, in the ctiffcrcncm

between lc(lllccd-clyrlalllic  and dynamic orbits de.tcrminc,(i with JGM-2 persists. ‘1’he salient

features in this figure htivc also been idcmtificd in comparisons bctwccn the Cil’S rcduccd

dynamic orbit and the NASA PC)]{ (also based on JGM-2), t}mugh the interpretation of this

result in the context of gravity error is colnp]icatccl  by evident coordinate system differemxs.

(rl’hc apparc.nt shift between the NASA PC)li anti the. GPS-based orbits along the spin axis is

discussed c]scwhcrc  in this paper.) FL]] the.r comparisons bctwccn various clynamic  and

lc(lllcccl-dyllalllic  orbits should help to sc]]aratc anti ictcntify  the soLIIccs  of the geographically

corrc.]atcd errors, Note tl)at,  as il]Llstratcd  ill P]atc 1 b, classical dynamic orbit clctcrmination  is

also capab]c  of observing small modeling, errors, sLlch as thmc introduced by the prc-launch

JC;M- 1 gravity moctc].  “Jo accomplish this, however, tlm form models must 1X tLlncc] with

comprchcnsivc tracking data frc)m many orbits.

It has long

determination

been recognized that diffe.rcntia]  GI’S data can bc used with dynamic orbit

tc.chniques  to improve the earth’s gravily  mode] (Bertigcr et al., 1992; ‘1’aplcy
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d al., 1993). With an improved  gravity nmclcl,  G1’S-based dynamic orbits will improve and,

for ‘1’CJl’liX/l’[)scidoll, should  approach tl)c accuracy of re(lllcc(l-cly~lalllic  orbits. (Propcr]y

wcightecl,  however, the rcducml  dynamic orbits  will in thcwry  remain superior, if only by a

small amount, by reducing ~~oll-gravitatiollal  and rcsid L]al gravity model  errors. ) }Jor orbiters

at much lower altitudes, gravity and aerodynamic forces arc extremely difficult to model, and

the reduced dynamic technique will bc. crucial if sLlb-dccinu3cr accLwacy  is needed.

SIMCIIWIN  l)ylamic mitlus Reduced l)ynwlic  A llilde

IJigurc 12 gives the anq]litLldc  spcctrLlnl  of the c]yllalllic-lllirlLls-rcdllcc(l  dynamic altitLlclc

over ] () days. ‘1’hc spcctrLlnl  is typical of .glavit y mode] error in a dynamic so]uticm,  which,

bccaasc. of the daily rotation of the field, generates a suite of tones at l/rev 2 nl/day

(I<osbmmgh, 1986). The in~/day  tones in the spcctrLln~  may also include artifacts from the

daily orbit fits spliced together to form a 1 O-day sol Lltion. No[icc that nearly all of tbc energy

is at frcq Lmncic.s  below twice/rcv. Since we know of no forces that can cmlsc significant high

frequency satellite motion, the. rcchlccd dynamic process noise  constraints (the time constant

and stcacty-state sigmas) have bce.n set to suppress high frcq Llcncy  corrections. lixpcrimcnts

have shown that when those. constraints arc relaxed and wc go to a nmrc fully kinematic

solution, tbc high frequency cmmponemts  increase, but only slightly, and almost entirely as a

result of tracking

(ijvi)ily  Y’unitlg

A prdiminary

n]casLwcrncnt  noise,  rather than rca satellite motion,

tLming  of the JCiM- 1 pre]aLlnch  gravity  model has been performed at <3R

by aagmcnting  the JGM- 1 gravity coefficients and their associated covariancc with new

information cc]uations from twcnly  1 ()-day  repeat cycles of 1)01<1S and S1 .1< data, and four’

cycles of G]% data, from 101’l;X/1’osciclon. ‘J’his  field, rcferrd to as ‘J’EG-3, is discLlssed  in

I
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ctc(ail in ‘1’apley  ct al. (1993). ‘l’he S1.R an(i 1)01<1S tracking data were pmcesscct in 10-day

aJcs, while, for computational efficiency and to reduce  ~J}’S satellite dynamic error, the G1’S

d a t a  were proecsscd in ~.~-day  aJ”c.s. I;OJ’ boll] (iata sets, daily  O1lcc/1’cvo]lltioll”  cmpirica]

accelerations in the along  track and

track accelerations, were adjustecl.

cross track components, aloJIg with daily mean alons

‘J’hc RMS of the mean, or cxms[ant  conqmncnt of the geographically mmlatcd  gravity

errors for 101’1  ;X/Poseidon,  predicted from the covari mm, has be.cn rcduccd  from 1.6 cm for

thC. J~M- 2 lllOdC]  t(J ]CSS thaJl  ] ClIl. q’hC pCak haS bCC.Jl  ICCILICCC]  fl”Olll 2 Clll ill J~M-2  to lCSS

than 1 cm in ‘J’liG - 3. We attribute this to the additional geographic covcrag,e  provided by

G1’S tracking, sine.c  at] a]tcrnatc  fielcl  (“1’liG-3A), obtained with S1 ,1< and IXIRIS data only,

yiclciccl  corlclatcdcr  lolsal>]  >roxilllatcl>’5  O%l:irg cl. Separate gyavity tuning solLltions made

with four cyc]cs of(il%  chda only wcm gene.rally comparab]c tc) or better than those Jnadc

with 20 cycles  of S1 .1< and l)[)RIS  data.

1 ~ynamic orbi(s for 7’01’1 M/Poseiclcm computed with “I’liG  - 3 using S1 ,WIX)RIS data g,ivc

better agree.Jmcn( wilh the J}’]. rcduce(i  dynamic orbits (rl’ab]e 8) than the corrcsponciing  orbit

using JGM-2. q’hc radial RMS agreement is cmmntly 2.5 cm over the nine cycles  cxaminccl,

after removing a x, bias of 1.5 - 3.0 cm, with little spatially comlatccl  signal. ‘1’hc thrcc-

dimcnsional  RMS differences have a]so been improved for most cyc]es (r] ’able 8). ]t SIIOL1]C]

be mxdlcd  that l~ol~gl:lvitatiol~al  orbit crl ms arc also incluclccl  in these tra~cctory diffcremccs,

a]though  such errors arc smallest in the radial component.

‘]’hc gcographical]y  COrl’C]atCd portions of Ihc diffcrcnccs  between dynamic orbits

computed with JGM-2 and ‘1’l{G-3  arc similar to those between JGM-2 dynamic and the J]’],

J“dlld  dJUIWliC  o r b i t s ,  indiCatlJlg  thal  thC rCdLICCd  dyIlaJlliC  SO]ll(iOll atld  thC tllllC(i gJ’aVity

field solution have convcrgccl  to a similar restdt,  althou#l  they were arrived at through qLlile
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diffcrctlt  filtering stmtcgics. Wc IcgaIxl this as evidence

p,mvity moclc]  and the efficacy of Icctuccd  dynamic fil[cring

RIHVIAINING QIJIUH’loNS

of both an improvement in the. 4

I

lkIly in the GPS data analysis, a bias of -6 cm in the radial  dinx[ion  was noted bctwccn

reduced  dynamic met dynamic mbits. Rcduccd  dynamic tracking  is sensitive to the. position

of the. phase ccntcr of lhc CiPS ]ccciving antenna, mcl the ce.nler  of gravity  (CG) of the

satcllik  is infcmd from atlituck  information and mcasurcmcnts of the antenna position made

before  ]aunch.  ‘1’hc dynamic solution, on the othcI hand, is highly sensitive to the satellite <X;

since lhat is the rcfcrcnce point for the ml)ital dynali]ics. By adding  a radial  bias pmmctcr to

Ihc dyt~amic  state cs[imatc and fixing tlIc msu]t in the mdl]ccd dynamic csiimatc the bias

bc(wccn  the Icduced dynamic and dynamic orbits is eliminated. ‘1’hc fmmal elm]’  on the

radial  bias estimate is about  3.3 mm with 30 hrs of data. ‘1’hc mean of the radial bias estimate,

dctcmincd  with 30-hr am OVCY mom than 5 months fmm cycle 17 to cycle 33, is 59.9 mm,

and its sl:tn(iard deviation is 4.S mm (}iig.  1 3). “1’hc maximum value  occurs durinp,  a yaw

Imp in the ~[J])lix/I)c)seidc)~l  attitude  control, which might suggest a mismodcling of the yaw

I’amp. ‘]’hc minimum occLIrs  dLH’ing  a planned TOl’1;X/1’oscidon  orbit maintenance mancLlvcL’,

1 ‘igurc 14 shows the time series during  a period  in which none.  of the G1’S satellites are in

cclipsc.  ‘J’here arc known  errors in the force model for the CiPS spacecraft which are larger

durin~  ec l ipse .  Them :im also known  mom in the nlcasumment  moctc] for G})S duc 10

attitude mismodcling cluring  eclipse. Both of these models  can be improved.  Note the, smaller

standard  deviation of 1.6 mm during this pc]iocl.

1,

1

I



25

“1’here are two known systematic cums in the pllasc  observable which when corrected

change the antenna offset by 1.05 Cm (Icaving  a total ~ffsct of a(~~llt 5 CIII) and affcct tlIC

orbits  by an RMS of 1-3 mm. ‘1’ogcthcr (hey can bc as large as 1.3 cm. The first is ill the

rcccivcr decimation filler, which rcsu]ts from the signal’s Ilopplcr  offset, and the second is in

the Costas loop, which Icsu]ts from the lhpp]cr  rate. Tksc phase. errors cai~ bc comctcd

with the following simple  formula:

[4]

wlmrc  p :ind p arc the range Iak ant] range acceleration corrc.spcmding  to the IXq>plcr  ant]

I kpplcr  rate; ‘I’c = 0.976  x 106 scc is the code correlation period; m,], the nat ura] frcclucncy

of the Costas  loop, is 29.3 radians/see for the 17 }Iz. loop noise bandwidth of the reccivcr.

‘1’hc mechanical position of the antenna was nmasurcd  in satellite coordinate to < 1 mm

before launch.  11 agrees 10 the nominal location as specified on the clrawings within 2 mm in

the z component and within 8 mm 31>. AI] anomaly exists somcwhcrc  in the overall mode.1 of

the GI’S obsc.rvablc. Although an error in the satellite mcasurcmcnts  WOLIICI explain the

results, wc have all but rLdcct that out based on other cvidcncc  ancl as yet have no satisfactory

explanation for the apparent antenna bias. ‘1’here is a slim pc)ssibi]ity that the offset COUICI

result from incomplete know]cdgc  of the p]lasc center  of the GJ’S transmitters. A preliminary

analysis, however, shows cxtrcJncly  small variation of the ~IPS satellite phase center with

look an~]c. A 1310ck-2 GPS transmit antcma  from the qualification moclcl satellite IMs been

obtained from the USAI; Space ~ommand  ancl is being calibrated at J1’1.,.  hflcanwhilc,  wc

continLlc to estimate a phase ccntcr offset, even thou#l  it is now well characterixmt.
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IMP] .ICA’1’1ONS lX)R ‘J’IIIC IWrJ’lJRIC

Rcsu]ts from l’C)I’llX/l’cjseidoll  show that prc-]aLmh Covariancc  studies WCI’C quite accurate

and thus lend confide.ncc to predictions rnadc by similar stuciics  for future missions. };igurc

15 gives rcsLllts  from sLlch  a stucly  pcrformccl  scvcra]  years bc.fore launch  (W11 et al., 1991).

‘1’hc assumption (rl’able 9) were in many ways inconsistent with what has been done in lhc

actual ?Ohr J}’]. solutions. ‘1’hc avail ab]c computing power at the time of the s(Lldy was

meager by today’s standards, rc.quirillg  the usc of mLIch shorter  data arcs. “1’0 Compensate, Wc

assumed a 2 m a Jwiori  error cm Ihc GI’S orbits and a low pscudorange noise of 5 cm, ‘1’hc

cs[imatcd  2-3 cm RMS radial error for tllc rcctuccd dynamic solution with JGM-2 is plotted

(point x) in l’ig. 15. in actclition  the typical RMS diffcrcncc  with SI,R/llORIS  solutions (wilh

JCiM-2) is p]ottcci.  Somewhat fortllitous]y,  tlm artificial compc.nsatim  has proved rcascmably

accura~c, and the agreement with the. Cstilnatcc]  ac[ual error is within a cmtimctcr.

An cxamp]c  of a possible fLlturc.  mission is taken from (1E llarth Obscrving  Systcm (1 iOS),

a suilc of scientific }iarth probc,s  planned to fly at aboLlt  700 km beg, inning in the late 1990’s.

}Iccausc  dynamic mode] errors can grow large. at that altitude, a purely kinematic analysis is

pJcscnlcd.  q’his time the rcfcrcncc  silt mm is rcctLlccct  to 3 cm pcr component and the

numbc.r of flight reccivcr channels is incrcascd  to track all satellites in a hcmisphc.re,  which

incrcascs the gmmctric  strength compared to 7’01’1  ;W1’oscidon. (lthc.r assumptions that differ

from the l’C)I’]iX/I)OSei(lOIl  covariancx analysis are given in Tab]c ] 0. JJigure 16 shows the

prcdictcd altituctc error  as a fLlnction  of data arc ]Cngt}] for scvcra] different GPS da ta

combinations. ‘1’hc data type called “carrier-quality range” is a fictitious pscudorange

mcasurcmcnt having the prc.cision of carrier phase, and serves to establish a pcrfmmance

bOLIIId. With data arcs lo]lgcr than 20 ]lours, all scenarios yield about 2.5 cm RMS radial

errors for kimmatic  tracking, which is completely ]nctcpcndcnt  of dynamic mode] error.

J
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“lo scc what might bc dorm with men  greater  gccmctric strcnglh  we present a stu(iy of the

Space Shuttle at 300 km in which wc open up the flight receiver field of view to the full sky

(IMch  ShLIt[lc is ccjuippcd with G1’S m(enrias top and bot[om to permit this). “J’ypical]y,  them

~rjl]  b~, ] ~.] 5 ~]~s sate] litcs irl vi~w at ~r~~e,,  ~)th~]  ass~lr]lpti~ns  arc given in ‘liable, ] ] . AS

shown in l~ig. 17, the limiting crmr in all components now PAIIs below  2 cm. ‘lhis opens up

ncw possibilities for near-carlh ocean altimetry, and for shorl-(iuration  testing of pmcisc

irrstrwmcnts  on the Shuttle.. We should note,  howcvm, that covar-iance analysis can bc

optimistic, parlicular]y for kinematic estimation, and unmmkld  systematic mm+ could at

least cloLIblc  the actual mm in these cxamp]cs.

CONC1.US1ONS

‘1’hc cvickmcc suggests that WC. arc obtaining a radial orhi( accuracy for T’[}}’]iX/1’c)seido~~ of

better than 3 cm RMS with the GPS reduced dynamic technique. Tests of orbit  quality

include pmtfit  phase rcsiclLlals  (-5 mm), orbit overlap comparisons (-l cm radial RMS),

comparison with ~JSliC;  1’011s  (3.3 cm radial RMS; 11.5 cm maximum diffcrcncc  for 6

cycles), arid altimcte.r  crossovers (10 cmz smaller valimcc  than GS}W POIi or (~Nl;S orbits).

‘]’hc r’cduccd  dynamic orbits are seen to rcdLlcc  sip,nificantly  the gmgrap}lical]y  corrc]ate.cl

error arising from the ~ravily mock].  ‘1’uning,  of the grtivity moclc]  with GI’S data has rcsultd

in a similar reduction of gcographical]y  correlated error in subse.qucnt  dynamic orbit

solutions with all data types. }~uturc missions can take advantage of the low cost operational

<;1’S systcm  dcvc]opcxl for the ‘1’C)l’liX/l’{)sciclO1~  cxpcrimmt  and should  obtain radial  Rh4S

accmrcics  of 5 cm or better in orbits  as low as a fcw hundmcl  kilometers.
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TABI .11S

‘1’abk 1. lkt imation Scenario for Dynamic Filtering

of ‘1’opdl’oscidon  orbit, G 1 PSY-OASI S 1 I
Ilata ‘1’ypc l)ata Weight

‘—-;rouncl  (;arricr PhasF--—
——

1 cm
Ground  l’seudoran~,c 1 m

T/P Gmicr Phasef 2 Cn)
“1’/}’ Pseudmangc 3111

(a]] parameters arc treated a==~ un]css otherwise spcc.i~
}lstimatccl  Pal:amctcrs l’arallletcrizatio~l—-— . .

‘1’/1’ lipoch  State
_  a  p r i o r i  c o n s t r a i n t—. —

3-1) C.DOCII  msiticm

‘1’/1’ 1 impirical forces
(cross track & along track)
‘l”/l’ An{mna Phase  Gmtcr

offset
GPS States

G1’S Solar Radiation }’rcssm

Non-] :iducial Station l,ocation
~’roposphmic  delay

I’oIc Position
I’oIc Position Rate
11’1’1- Url’~ Rate

c~arricr  Phase Biases

GI’S and Rcccivcr ~;]ocks

3-1) c~)ocb Lclocity
constant

1- & 2-cycle-pcr-l”cw
radial

3-IJ epoch posi(ion
3-l J epoch vc]ocity

Coil.vfatll:

S()]W  J> ICSSLIIC.  SCa]C  faC(O1’
Y-bias

l)r{)cc.v,v-)jc) iLvt’:

X and Z scaling Fdctor
Y-bias

}KH i]; rcctangu]ar  cocmlinatcs
random-walk mnith delay

X and Y pole
x and Y po]c rate

constant
constant over a continuous pass

white-noise

1 km
10 cnl/s
1 1)1111/s2
1 nml/s2

5 nl

1 km
1 Clnls

100 9(1

2x 10- ~ pimp
1 hrs batch; 4 hrs

corre]at  ion
1() %

1 (Pl p n@
1 km

50 cm; o.17 111113/s 1 /2
5 m

1 IllJclay
100 s/day
~X]05 km

1 Scc



35

TaMc  2, Mean (hrdinatc  IIifference,  GSIW 1’011 — I)ynamic

c:yclc x (cm).——_-_lGi@  - ‘(C1ll)  ‘-”.—

18 0,059

- ‘ i -

0.75 2.9(j
——— ——. ..— .——

24 0.488 0.11 1.75———————— — — .—.. —— ——.—
25 1.06 0.604 2,66-— ___ —-—.. —— ..— ..— — —.—
?)() ().21 1 (),00452 3.75———— .— .— - — .—. —
31 0.183 -0.0398 3.59-— .. —-—-- .—. — .- ————.

0.35532 —-___–__—_. -0.134 1.78— . .. —.- ——— ——_. — —--—



‘J’able 3. Mean Coordinate Diffcrmcc.  GSIW 1’01; — Reduced IWnamic

(’yclc

18

?4

25—- ..— ___ —
30

31

32 -—

x (cm) Tzzm -
z (cm)—

1.23 T__1.24 2,91

2.72 I 0.721 I 1.44

2.24 I 0.311

1.7

- i

0.387 3.28— . — . .
1.49 0.494 3.27

36

____ e

1

I

I 1.1 I 2.21

h
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-.. —.- . . . . . .>, .

Z__z m) ‘T:. ._ ~.) :Goclclard/JPl.  dynamic Go&lard/JPl.  dud dynamic

——
Xmar]o 3.06

, :

3.51— — .—. -.
g~,,,~~] ] 4.45 4.06--— —.- —... - .— —-— —-—
g~]]larl  2 ,-__–—-– 3.56 2,93——. —-. —.- .—-. ——. -— ——. ————
93nlarl 3 2.43 2.28—— .- —
g31~lar14 _ _ . — - - 2.50 2,00——— --- -—.——

og~ 0.82f)31nal’15 —-———.——- -- —-. —.—... —.- ——— ——— —..
93marl 6 5 . 5 7 439—— . . . . ——

2.3393n]ar17 I . ~j_.. --- ._.-— .— . —..
avcl’a c 2,98 2.86——. ——. -. —. -.. . — — .  —.—

.——

.——

—.

—-

.—
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‘1’able S. Altimder  Crossover Statistics
orbit

— — — . .
No. Mean (Clll) RMS ( c m )  ‘—Var (cm2)

GI’s  Reduced 36403 -0.04 ‘= 9.69 93.84
]Iynamic

NASA h’CCiSC
— — — . .  .

36403 0.35 10.22 104.41
liphcmcris ———.

C!NJ ;S ]’lCCiSC 36403 1.04 10.13 101.47
1 {phcmeris ——..—..———



‘J’abk 6. Restrictive IMiting Criteria for Crossover ICva]uation-———
l)ARAMliTIX 1 HJI’J” CRITIi}ilA R}i}’liRIiNCli—— ,=

Ski  state. Signifimnt wave height Aviso [1993]
< 1 m 01> 4m.——

(Iccan ticks l>iffemncc of fide Grlwrigbt and Ray
lllodcls  >5 CI1l. (1990),Schwidcrski (1980)—————

l’rcssurc  loading lnverte.cl  barometer> 10 Avis~,  ( ] 993)
cm— —  .  .

Wincl speed Wind speed >10 m/s Avis~ (]993)
Sea ICVC1 variability Mcsoscalc  varialjlity  > Kobliasky ct al. (1991)

12 c]]] (RMS) ..  . . -  —- .  —___ .—. —
} lcigbt  intcrp]tn. Cubic sp]inc fit Rh4S >5 Avjs[, (] 993)

cl])— — . . — ———.. — .-—

b
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‘1’abk 7. Altimeter Gossover  Statistics for Restrictive Editing Approach
C)rbit No. Mean (Clll) ‘- RMS (Clll) Var (cl)lq

=

—..—:=
G1’s Rc.dllceci 1233 0.32 6.16 37.85

l)ymmlic
NASA ]’1’CCiSC

— — —  . -
1233 ().68 6.86 46.56

l;plmmris
C;N1 iS Prccisc

— — — . .
1233 ] .g~ ‘7.03 45.68

l~phcmcris ———.. —

A
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Table  8. SI.IUI)ORIS  U’I’OI’l A orbit comparisons with J]’]. reduced  dynamic
.

-TTXu~&~-?~Zy

14 3.2 1~.g 2<.4 12.5._. —..
]5* 3.3 12.4 2.5 12.1 2:6

.._ —..
]7* 3.2 13.2 2.9 14.4 2.3

.— --
18 2.9 193 2.6 11.8 2.3 —

]g+: 3.1 2.813.7 ‘ — - - 14.8 3.2
_. —.-

‘_ 2.() 3.2 13.5 2?.6 13.1 3.0
_—. - -——

21 2.9 11.7 2.3 1 2.() 2.2
— . .

32 2.8 14.2 2.4 13.3 2.2.—. ——— ——— _———.——.-— —

All unils cm. *’ indicates ~11’S tracking from tl]is cycle used in gravity solution.
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TABI ,IC 9. lhror Model  for ‘1’opdl’oseidon  orbil l)c(mmination  Analysis

System Characteristics

— — . .

(hbit  (circular):
Nunlbc]-  of GI-ouncl Site.s:

Numb of G1’S Satellites:
I;ligbt Antenna IJicld of View:

Flight Rwivcr Tracking Capacity:
IXmd Types:

l)ata into val:
Sn~oothed l)ata Noise:

13?4 km, 66C’  inclination
6 (including 3 fiducial sites)
18
}Icmisptwrical
6 Channels (11 & 1.2)
1.1 & 1,2 psdrmnge
1.1 & 1,2 carrier phase
5 Minutes
5 cm pseudorange
1 cm cat-t iet phase

— — .  —  .-

A(ljus[cd  l’awmctms & A l’riwi 1 ;rl 0]-s

—— .-— — .

‘1’c)~]cxfl’c~seiclc~ll  1 ;poch Stale: 1 km; 1 n\/sec, each colnponent
G1’S Satellite Stales: 2 Ill; 0.2 Innhcc, each component

Carrkr  l’hasc Hiascs: 1() ktn
GJ’S & Receiver Clock Biases: 3 msec  (tnodcled as white noise)

Nom]: iducia] (imund 1.{ Jcations: 20 cl]) Cach Colnp(ment

——— .  .

1 ixc(i } {l-rors  1 jvalualed

.-

l;iducial Site l’ositions: 5 cm each cwnponenl
Gh4 of 1 ia[-th LJncmwinty: I parl ia 108

1 izirth G1-avit  y Ikmt Mociel: ()- 1 ()()% (;1 LM 1 ()-G1  iMl ,2 (20x20)”
Y,cnith Atmmphmic lklay liner: 1 cm (modeled as randoln walk)

Atmospheric Drwg 1 h] or: 1 ()% of l’o[al
SolaI Radiation l’ressutc  }+m:  1 ()% of T’olal

1

L

I

I

I
1
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II I’AIII .1; 10. (hnges  ftom ‘1’ab]c 9 for }iar[b (Nxmvir]g  System

D

Kinematic Orbit l)etermination  Analysis

—— .——. —.——— ——- ..— —..

i
Olbit (circuta!):

Number of G1’S Satc]litcs:

a 1‘1 ighl Re.ceivcl Tracking, Capacity:

Yicnitb  Atmospheric lktay liner:

8

};iducial 1 Ocatiml  1;1101:

liar(l)  Gravity lklw Model:

i

9

0

8

E

B

I

11

9

0

8

B

8

705 ktn, 9RC’  inclination

24

Atl ir~ View (within  hc]nisphele)

A(ljuslcd as Random  Walk

3 crn eactl conlponcnt

1 ()()%  GIN 1 ()-[;I;MI /2 (20x20)”



cnu. . .
7

-s
.s
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IU(;lJRll ~A1’’l’l0NS

1 ‘ig. 1 Rccluccd l}ynamic Tracking

}iiF,. 2 GI’S tracking system for TOPllX 1’01).

1 ‘ig. 3. GPS Omstcllation  with TOPIiX.

] ‘ig. 4 ~’(JI’llX/l’osei(]oll  Satc]]itc

l~ig. 5 G1’S Global Tracking Network

liig. 6. Ovcrlapping  data arcs and orbit solutions

liig.7.  C~olll]>arisoll  ofovcrla]3]>itlg  l'C)l'liX/l'(Jscicl()ll  rcdltcccld  yllalllicorl3it  s o l u t i o n s  ‘

l’ig. 8, 1’01’1 iX/1’os c i c1 on radial rcducccl  d y n a m i c  o r b i t  o v e r l a p s

fc)l”twcl\’cc  olll])lctc  lo-daycyclcs

ljig. 9. Gmparison  of T()]’l;X/}’osciclcm dynamic orbi~ solutions with GPS against Goddard

Space l~light ~cntct”  S1 .R/lX)RIS orbits

}:ig. l(l. (~olll13alisollo  fl'C)l'llX/l'oscidC)llr c(lllccd( lJ'llalllicC  Jrllits {)ltltiol]sw itllGI'Sagaitlst

Goddard  Space 1 ‘light  Untcr  S1 ,R/lloRIS  orbits
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liig, 11 Global  distribution of al(imcter crossovers USCC1 to evaluate orbit accuracy. A

stringent editing strategy (rl’able 6) was applied to crossovers formed from altimeter

observations bc.twmn  January 30 and May 19, 1993.

l;ig. 12. Radial amplitude spcctrLlnl  dynamic minus rcducecl  dynamic

1 ‘ig. 13 Body l;ixcd Z antenna offset, alai] y solutiml

1 ‘ig. 14 Body l;ixcd Z antenna offset, daily solution clLIring  a rare. period  of tinlc in which

no G1’S arc. in cclipsc

ldg. 15. l’rclamch  Gvariancc  StLlclics for “1’(Jl’l;X/l’c)sci[ioll  with 2 and 6-hr data arc ]cngths

for a range of gravity errors. Actual RMS cliffcrcnccs  bctwccn IJyn:imic  and Reduced

1 )ynamic Solutions for 30-hr  arcs arc shown wjth point a. Poin[ x marks an estimate of the

radial error jn 30-hr reduced dynamjc  solutions.

l:ig. 16, (lwariancc  analysis prediction for future a 700 km altituclc  mission.

l;ig. 17 Prcdiclcd crmr for the Space, Slluttlc viewing all possib]c  CiPS within a sphere

l’late 1. (a) (icographic  rcprcscntation of orbit height cliffcrcnccs  for GI’S-based dynamic

an(i rc(ltlcc,(l-dy~~atllic  orbits using,  the JCJM - ] grtivit y model. A 10 X 10 spherical harmonic

fit to the data captures a signal with rms amplitude of 2.3 cm.

l’late 1. (b) Geographic representation of orbit height differences for JGh4- 1 and JGM-2

{il’S-based (Iynamic  orbits.
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B l’late l.(c) (icogral}l~ic rc]>rcselltatiol] ~) forbit height diffcrcI~ccs for CiI’S-bascdd yIlall~ic

B
and rcclt]ce[l-[lyI]a]]]ic orbits using the ILIned JCJM-2 gravity mmlcl. A 10 X 10 spkrical

harmcmic fit to the dala captures a signal with rms amplitLlde  of 1.2 cm.
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Fig. 6. Overlapping data arcs am] orbit solutions
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Fig. 9. Gmpariscm  of l’cJl)l;x/]]osei{l~J]~  dynamic orbit solutions with (;1’S against
Goddard Space Flight (Xmtcr S1 .WI)ORIS orbits
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Fig. 11. Global distribution of altimeter crossowrs used  to cwaluatc orbit accuracy. A
slringent editing slrategs  (Table 6) was applied to crossovers formed from all inwter

obswwa~ions  bet wccn January 30 and May 19, 1993. [
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